ABSTRACT
Stem and sheath diseases caused by Sclerotium oryzae Cattaneo (SCL) and Rhizoctonia oryzaesativae Sawada Mordue (ROS) can severely reduce rice (Oryza sativa L.) yield and grain quality. Genetic resistance is the best strategy to control them. Phenotypic selection for resistance is hampered due to a heterogeneous distribution of the inoculum in the soil that generates high environmental variability and decreases genetic gain. To have higher selection accuracy it is necessary to develop phenotyping methods with high repeatability and discriminative power. Comparison of greenhouse methods have been reported for Rhizoctonia solani Kühn, a more invasive pathogen than SCL and ROS, and for SCL, but no such comparisons are reported for ROS. Our study compares five inoculation methods for SCL and ROS to identify the more discriminant and repeatable method and to apply it for high-throughput phenotyping of hundreds of rice lines. A method that uses an agar disc with growing mycelium attached to the base of stems was found to have the best balance between discrimination among genotypes and variability among replicates of the same genotype for both pathogens. This method was used in five greenhouse experiments for phenotyping resistance to SCL and ROS in a population of 641 rice advanced breeding lines. Heritabilities of resistance ranged from 0.36 to 0.71 in these experiments. These findings have a direct application in screening for resistance of rice to SCL and ROS, and in high-throughput phenotyping for mapping loci associated to disease resistance. been focused to the conditions, isolates, and cultivars of California and Australia. Yield losses due to SCL have been roughly estimated in various countries and crop conditions, ranging from 5 to 75% (Chauhan et al., 1968; Ou, 1985) . In experimental plots with high inoculum density and a susceptible cultivar, a maximum loss of 22% was found (Cintas and Webster, 2001) .
Aggregated sheath spot of rice is caused by Rhizoctonia oryzae-sativae (º Ceratorhiza oryzae-sativae) Sawada Moore (ROS). As for stem rot, aggregate sheath spot is a widespread rice disease, but is considered a major rice production constraint in temperate rice growing regions like California, the Mediterranean, Australia and the Southern Cone of South America (Gunnell and Webster, 1984; Lanoiselet et al., 2007; Martínez et al., 2014) . It was not until 2007 that the first comprehensive review about ROS was undertaken (Lanoiselet et al., 2007) . Regarding losses caused by ROS, up to 20% yield reductions were found in field experiments in Australia and 9% in commercial field conditions in Uruguay (Lanoiselet et al., 2005) .
Phenotyping for resistance to stem rot and aggregated sheath spot of rice is challenging (McKenzie et al., 1994; Ni et al., 2001) . Three main procedures for evaluating the response of rice to SCL were reported (Krause and Webster, 1973; Cother and Nicol, 1999; Kumar et al., 2003) , mainly differing in the level of environmental control and in the inoculation method used. Briefly, one method involves spreading sclerotia or infected grain husk over the irrigation water surface or over soil surface immediately prior to flooding (Krause and Webster, 1973; Cother and Nicol, 1999) . The rough amount of viable sclerotia per plant ranged from 200 to 7500 spreading at 21 d after seeding. Stems are expected to be infected by floating sclerotia on contact mimicking field conditions, or infection can be favored by artificially injuring the stems at the water level. Another method involves the attachment of an agar disc with SCL mycelium to tillers (Cother and Nicol, 1999 ). An agar disc is secured against each stem at water level with grafting tape and a paper clip at 50 to 60 d after seeding. Finally, another method involving attachment of infected 5-mm long pieces of Typha angusifolia L. or susceptible rice cultivars at the base of tillers was described by Kumar et al. (2003) . Comparative studies among these methods found a similar variability of symptoms displayed with spreading of sclerotia and agar discs (Cother and Nicol, 1999) , while higher mean disease incidence was produced with spreading of sclerotia and infected plant pieces than with agar discs (Kumar et al., 2003) . However, it is not clear if methods with higher variability and mean incidence enabled a better discrimination among resistance levels of rice genotypes. For rating susceptibility of cultivars to SCL, Krause and Webster (1973) scored with a 1-5 scale, where 1 = healthy tillers and 5 = dead tillers, and then calculated a disease index as the ratio between the summation of the infection score of each tiller divided by the total number of tillers. Alternatively, Cother and Nicol (1999) used canonical variable analysis to identify a linear function of the presence of sclerotia in the sheath, outer and inner culms. Finally, Kumar et al. (2003) applied the Standard Evaluation System for Rice (IRRI, 2002) which consists of a 0-9 scale with 0 = no lesions observed and 9 = lesions observed in more than 65% of the plant height.
Few inoculation and rating procedures specific for ROS are reported. used a cuttiller method to evaluate pathogenicity of ROS isolates. Briefly, an agar plug of 6 mm in diameter was placed on the surface of the stem and incubated at room temperature in transparent closed trays with high relative humidity. Evaluation was performed by measuring the length of the lesions at 4 d after inoculation.
Inoculation methods for other stem and sheath diseases were reported. Most of the literature about evaluation of resistance to rice sheath diseases was focused on Rhizoctonia solani Kühn, the causal agent of sheath blight. Methods for studying R. solani Kühn resistance in rice were reviewed elsewhere (Jia et al., 2013) , showing a number of diverse inoculation procedures including colonized toothpicks and agar plugs (Zou et al., 2000; Rodrigues Peters et al., 2001; Eizenga et al., 2002) , mixtures of infected rice grain and hull (Pan et al., 1999) , and sclerotia (Wasano et al., 1983; Singh et al., 2002) . While most of these methods are suspected to introduce variability into the infection process, Park et al. (2008) report a 100% of infection rate for their method, done by placing a liquid cultured mycelia ball beneath each leaf sheath.
In summary, three inoculation methods were reported for SCL, and one for ROS. Several methods were reported for other rice sheath diseases like R. solani Kühn but these have not been tested in SCL or ROS. It is not clear which inoculation method enables the most discriminant and accurate disease phenotyping. Therefore, the information about methods for controlled evaluation of rice resistance to stem rot and aggregated sheath spot remains critically and important. The objective of this work was to evaluate five inoculation methods both for SCL and ROS, and to compare them based on their precision and ability to discriminate among different levels of genetic resistance. The best performing method was verified in a high throughput greenhouse phenotyping of 641 advanced rice breeding lines for both diseases.
MATERIALS AND METHODS

Inoculation Methods
Five inoculation methods were compared using six rice cultivars for two diseases, ROS and SCL, at the Instituto Nacional de Investigación Agropecuaria (INIA), Treinta y Tres, Uruguay. distributed in a cross pattern in the pot. Each pot was fertilized with 160 kg N ha -1 before sowing. All pots were placed in trays of 30-cm depth. At 3-leaves stage, five inoculation methods were tested. Method I is a modification of the agar disc inoculation procedure described by Cother and Nicol (1999) . Each one of the four single stem plants was inoculated with a 5-mm agar disc with growing mycelium attached to the base of the stems at 3 cm above the soil surface. Isolates were grown for 7 d at 25°C in 90-mm Petri dishes containing potato-dextrose agar. Agar discs taken from the border of an actively growing colony were fastened to the base of the stem with Parafilm 'M' (Pechiney Plastic Packaging, Chicago, IL) and oriented with their bottom side contacting the stem. Method II is a modification of the sclerotia spreading inoculation procedure described by Cother and Nicol (1999) . The flooded trays containing pots with four single stem plants each were inoculated manually by spreading the sclerotia over water surface at 2.5 cm above soil surface at 1.5 mg cm -2 (SCL) or 7.5 mg cm -2 (ROS). Sclerotia were sieved with a 0.6-mm sieve for SCL and a 1.4-mm sieve for ROS to remove plant remains and other debris from inoculum. Method III is a new method that consisted in each one of the four single stem plants being inoculated at water surface level with 1 mL of an 8% suspension of carboxymethyl cellulose (90000 g mol -1
, Sigma-Aldrich, St. Louis, MO) with 240 mg mL -1 (SCL) or 1200 mg mL -1 (ROS) of sieved sclerotia. This highly viscous and adhesive suspension was manually applied to the base of the stems at 3 cm from the soil surface before flooding. Method IV is a modification of Method III where the carboxymethyl cellulose-sclerotia suspension was covered with an aluminum foil to prevent it from being washed by the flooding water. Trays for Methods I through IV were flooded up to 2.5 cm above the soil surface. Method V is a modification of the detached stems procedure proposed by . A single stem plant from each pot was detached at 3-leaves stage and incubated in test tubes with sclerotia. Stems were sanitized with 70% ethanol for 1 min and 5% sodium hypochlorite for 3 min, rinsed with sterile water, and each one put in a test tube with 15 mL of sterile distilled water. The lower 4 cm of stems were submerged in water. Sieved sclerotia were added to each tube (2.4 mg SCL and 12.0 mg ROS) and incubated at 25°C with 85% relative humidity.
Disease Rating
Diseases were scored at 45 d (Methods I to IV ) or 15 d (Method V ) post-inoculation. An adaptation of the scoring scale proposed by IRRI (2002) for R. solani Kühn was used to rate the diseases in Methods I to IV. Disease was scored with a 0 to 9 severity scale in which 0 = no infection is observed, 1 = lesions are limited to 20% of the plant height, 3 = lesions cover 21 to 30%, 5 = lesions cover 31 to 45%, 7 = lesions cover 46 to 65%, and 9 = lesions cover >65%. For Method V, the disease score was the average length of visible symptoms along both sides of the stem length (cm).
Statistical Analysis
The model used for evaluation of inoculation methods and their interaction is shown in Eq. [1]:
Plant Materials
Six rice genotypes ('El Paso 144', 'INIA Olimar', 'Tetep', 'INIA Tacuarí', 'Parao' and 'Lemont') were chosen to have a wide range of susceptibility to rice stem and sheath diseases. El Paso 144 (Yan et al., 2007) and INIA Olimar (Blanco et al., 2004) are the two most widely grown indica-type cultivars in Uruguay and have an intermediate response to SCL and ROS (Martínez and Escalante, 2012) . Tetep (Yan et al., 2007 ) is a Vietnamese indica traditional cultivar with resistance to SCL (Chien, 1977) and to R. solani Kühn (Bhuiyan and Arai, 1994) , and has unreported response to ROS. INIA Tacuarí (Blanco et al., 1993) and Parao (Molina et al., 2011) are the two most widely grown tropical japonica-type cultivars in Uruguay, with intermediate response to SCL and ROS (Martínez and Escalante, 2012) . Lemont (Bollich et al., 1985) is tropical japonica cultivar in the southern United States that is highly susceptible to SCL (Mazzanti de Castañón et al., 1994) , R. solani Kühn, and other rice diseases (Li et al., 1995) , and unknown response to ROS.
Inoculum Production
Sclerotia of both pathogen species were produced with a Krause and Webster (1972) 
Fungal Isolates
Two fungal isolates were used in this study. Ten SCL isolates were obtained from different rice cultivars in naturally infected experimental plots from the Experimental Unit of Paso de la Laguna (UEPL, 33°16¢ S, 54°10¢ W), Treinta y Tres, Uruguay, in 2011. The ten isolates were tested on eight common Uruguayan rice cultivars, and the isolate with the highest discriminative power was chosen (Martínez and Escalante, 2012) . Similarly, ten ROS isolates were obtained from soil after rice cultivation with the tropical japonica rice cultivar INIA Tacuari from the Experimental Unit of Paso de la Laguna in 2003, and the isolate with the highest discriminative power was chosen (Martínez and Escalante, 2012 
is the fixed effect of the j th inoculation method, (gm) ij is the interaction effect of the i th genotype with the j th inoculation method, and e ijk is the residual for the i th genotype in its k th replicate with the j th inoculation method, with i = {1, …, 6}, j = {1, …, 5} and k = {1, …, 6}. Genotype and inoculation main effects as well as genotype by inoculation method interaction effect were tested using g i , m j , and (gm) ij as fixed effects. If the interaction term from an ANOVA was significant (a = 0.05), then a Tukey's HSD test (a = 0.05) was used. Pearson correlation of genotypic means was estimated between each pair of inoculation methods. Statistical analyses were run in R software (R Core Team, 2014) using lm for fitting the model and agricolae for Tukey analysis (De Mendiburu, 2014) .
The model for estimating the variance components and repeatability of inoculation methods is shown in Eq. [2]:
where Y ij is the disease score for the i th genotype in its j th replicate, m is the intercept, g i is the random effect of the i th genotype with s
, and e ij is the residual for the i th genotype in its j th replicate, with i = {1, …, 6} and j = {1, …, 6}. Statistical analyses of this model were run in R software with lme4 package (Bates et al., 2005) .
Methods were also compared based on their repeatability (H 2 ) calculated on a genotype mean basis (Eq.
[3]).
where s 2 G is the genetic variance, e s 2 is the residual variance, and r is the number of replicates. Standard errors and confidence intervals for variances and repeatability were estimated with a bootstrap data resampling technique as recommended by Holland et al. (2003) and implemented in the boot R package (Canty and Ripley, 2015) .
High-Throughput Phenotyping
The disease performance of a rice population of advanced inbred lines for ROS and SCL resistance was evaluated using the best inoculation method chosen from the inoculation experiments.
Plant Materials
A total of 641 advanced inbred lines, 316 indica and 325 tropical japonica, from the National Rice Breeding Program of INIA Uruguay were evaluated in five greenhouse phenotyping experiments. Inoculation was performed with Method I, the most discriminating inoculation method, as described above. Two experiments were performed for SCL, from July to November 2012 and from September 2013 to January 2014. Three experiments for ROS were run from May to November 2013, from January to May 2014, and from March to August 2014. A Federer's unreplicated experiment in an augmented randomized complete blocks design (Federer, 1961) with twelve blocks was used in each experiment. Cultivars El Paso 144, INIA Olimar, INIA Tacuarí, Parao, and Lemont were used as replicated checks. Ten seeds were sown in 12-cm diameter pots. After emergence, thinning was conducted to leave four plants per pot. Plants were inoculated with Method I as described above. At about 90 d after inoculation, diseases were scored using the 0 to 9 scale as described above, and the average of the four plants per pot was used as the response variable.
Statistical Analysis
Two models (Eq.
[4] and [5]) were compared for high throughput greenhouse experiments based on genetic variances, generalized heritability, and model fitness using the Akaike information criterion (Akaike, 1974 
where Y ijmn is the disease score; m is the intercept; g i is the random block effect with g s N with m = {1, …, 35} and n = {1, …, 26}. Analyses of these mixed linear models were performed with the R packages lme4 (Bates et al., 2005) and lsmeans (Lenth, 2016) .
The generalized heritability ( where BLUP v is the average pairwise variance error of BLUPs estimated with the arm R package (Gelman and Su, 2015 Holland et al. (2003) and implemented in the boot R package (Canty and Ripley, 2015) . Pearson correlation of phenotypic means was estimated between each pair of greenhouse experiments.
RESULTS
Inoculation Methods Comparison
A significant genotype by inoculation method interaction was found (P < 0.0001 for SCL and P = 0.0012 for ROS) when considering all five inoculation methods. When Method V was removed, no interaction was found in SCL experiments (P = 0.79) and genotypic effect was significant (P < 10 -15 ) with genotypic means highly correlated across methods (Fig. 1a) . For Methods I to IV in ROS experiments, a genotype by inoculation method interaction was still found (P = 0.037). However, there were no Method V only discriminated Parao vs. Lemont and Parao vs. Tetep.
Repeatability was high and similar across all inoculation methods (Table 1) , with statistical differences only between Methods I (i.e., the highest) and III (the lowest) for ROS (Table 1) . Additionally, Methods III and V had the widest standard errors and confidence intervals of repeatability estimates for both pathogens (Table 1) . differences in genotype ranking between Methods I and II (Fig. 1b) .
The range of disease score means was higher for SCL (5.4 to 8.8) than for ROS (3.7 to 5.2). Therefore, genotypic responses were better discriminated in SCL experiments (Fig. 1a) , ranging from moderately resistant (INIA Olimar), susceptible (El Paso 144, Parao, Tetep, INIA Tacuarí), to highly susceptible (Lemont). In ROS experiments (Fig. 1b) (Fig. 1a) . Methods III, IV, and V differentiated two, six and one pairs of genotypic means, respectively. In ROS experiments (Fig. 1b) , Method I differentiated two pairs of genotypic means (Parao from El Paso 144 and from INIA Olimar) and Method II differentiated two pairs as well (El Paso 144 from Lemont and from Tetep). Methods III and IV failed to differentiate any pair of genotypes, and 
High-Throughput Phenotyping
Method I was chosen for high-throughput greenhouse phenotyping of SCL and ROS resistance in a large collection of rice breeding germplasm. In all phenotyping experiments for both pathogens models without (BAS) and with spatial correction (SPA) had similar variances and high and similar heritability (i.e., both models gave heritability of 0.81 in experiment ROS1, and 0.76 in experiment SCL2; Table 2 ). Spatial correction did not improve significantly the model fitness nor heritability (Table 2 ). Thus, model BAS was selected. Correlation between the two SCL experiments was low (Fig. 2a) , suggesting strong genotype by environment interaction between greenhouse experiments. This interaction was also observed among the three ROS trials (Fig. 2b) .
DISCUSSION
All five inoculation methods performed similarly and had good repeatabilities, with the exception of Method III in ROS experiments. Method IV, an improvement of Method III that prevents carboxymethyl cellulose from being dissolved, outperformed Method III in both diseases. Although there were no statistical differences in repeatability (i.e., 0.81 and 0.89 for Methods III and IV in SCL, and 0.05 and 0.58 for Methods III and IV in ROS), Method IV discriminated genotypes better in SCL based on the Tukey analysis. Method V is easy to implement and requires few resources, but provided inconsistent results and ranked genotypes incongruently with respect to the other methods (i.e., large confidence intervals for repeatability and had no ability to differentiate genotypes, data not shown). Method II had good performance, and the production and application of inoculum was easy. However, its throughput in larger trays or tanks with uneven spread of sclerotia may create heterogeneity in the amount of the inoculum and add noise to the infection process. Furthermore, although both Methods I and II had high heritability, Method I had a larger power to differentiate cultivars based on the Tukey analysis. Method I, our modification of the inoculation method described by Cother and Nicol (1999) consisting of attaching mycelium-growing agar discs to the base of rice stems was found to have high repeatability and discriminative power. An advantage of Method I over the others is that is uses fresh mycelium instead of sclerotia (Park et al., 2008) . Fresh mycelium facilitates more homogeneous infection due to much closer contact between growing mycelium and rice outer sheath. Since every single tested stem is faced with a mycelium growing agar disc, its scalability appeared more reliable. Thus, Method I was chosen for high-throughput phenotyping of resistance to SCL and ROS, and was successfully applied in five greenhouse experiments achieving high heritabilities for both traits. However, we found Methods I to IV to perform similarly without a clear superiority of any of them.
From our results using any of Methods I to IV may yield a similar and consistent phenotyping and enable a good rating of the resistance to both pathogens. Furthermore, Methods I to IV can equally identify resistant genotypes but Method I can further discriminate these selections. Genotypic response to the diseases in inoculation Methods I to IV generally agreed among each other and with previous reports. Susceptible and intermediate genotypes were ranked according to reported responses, but there were some discrepancies between our inoculation methods results and reported resistance response to SCL. INIA Olimar usually has an intermediate response to SCL similar to that of El Paso 144 in experimental fields and productive conditions (Blanco et al., 2004) , whereas in our inoculation methods experiments it had the most resistant response. This was probably due to the isolate used in our experiments being slightly less virulent than the average Uruguayan SCL isolates (Martínez and Escalante, 2012 Cother and Nicol (1999) found low correlation and noticeable genotype by method interaction between variations of Method I vs. II applied to SCL, and this was attributed to phenological differences in inoculation time. We found broadly consistent genotypic ranking for both methods since we eliminate this source of variation by inoculating the plants at the same phenological stage.
The same two inoculation methods were previously compared by Kumar et al. (2003) . They used the mean incidence of the disease to select methods. We found no differences in mean incidence across methods. However, we believe that the ability of the method to consistently discriminate genotypes is the most relevant feature of a good phenotyping method. In our study, the methods varied in their abilities to discriminate genotypes. Since these differences were subtle between some methods, logistics and scalability were also considered when choosing between similarly performing inoculation methods. Local resources will also be important in selecting methods.
The high throughput phenotyping experiments with the chosen inoculation method had similar heritability using a statistical model with or without spatial correction. Thus, we did not find evidence of spatial patterns affecting the response to the diseases in our greenhouse experiments that were not corrected by blocking. The experimental design and the inoculation methods used were enough to discriminate the genotypes in a large population and the spatial correction was not needed.
The estimated generalized heritability in our high throughput phenotyping experiments was medium to high according to Boopathi (2013) . Phenotypic data within these ranges of heritability is acceptable for disease resistant traits and is suitable for association mapping studies (Zila et al., 2014) . However, the somewhat low correlations and ranking differences for genotypes used as checks found between some pairs of phenotyping experiments indicate genotype by environment interaction. Since experiments were run at different seasons through a two year lapse, season and year effects (mostly due to variations in daylight time and solar radiation intensity) may be underlying these interactions. Therefore, further study of genotype by environment interaction should be attempted (Allard and Bradshaw, 1964; van Eeuwijk et al., 2005) .
The phenotypic values of cultivars used as checks in the phenotyping experiments methods were widely distributed in the scatter plots showing a good representation of the whole breeding population levels of resistance to SCL and ROS, and their resistance levels were as expected. Furthermore, the presence of lines with somewhat lower disease scores in experiments with successful susceptible checks infection suggests a wider and useful genetic variability for these traits.
We compared inoculation methods for ROS and SCL and selected a successful inoculation method that could be applied to massive phenotyping experiments. We showed how this method performed in high-throughput phenotyping of breeding germplasm. Our results will enable high-throughput phenotyping of lines for breeding purposes in either traditional selection, QTL mapping (Bernardo, 2008) , GWAS (Breseghello and Sorrells, 2006) or Genomic Selection (Heffner et al., 2009 ) contexts.
